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ABSTRACT

This report summarizes results from studies to determine relationships among the volume,
duration and frequencies of floods in ungaged catchments in Texas. Methodologies were
adopted for determining flood volumes at unregulated, non-urban catchments. Separate
methodologies were developed for small and large watersheds. Regression equations were
developed for twelve regions to estimate flood volumes for different durations and recurrence
intervals. “Window Test” was conducted to establish a methodology to separate small and
large watersheds based on their response characteristics. Regional flood volume-duration-
frequency equations were developed for 8 of the 12 regions. This report, which includes in-
formation from reports released earlier at the completion of individual phases, consists of two
volumes. Volume I (titled Volume-Duration-Frequencies for Ungaged Catchments in Texas:
Calculation of Regional Regression Equations) presents the regional regression equations de-
veloped, while Volume II (titled Volume-Duration-Frequencies Ungaged Catchments in
Texas: Computations of Flood Volumes of Varying Durations and Frequencies for Catch-
ments with Areas Greater than 300 Square Miles) lists the actual flood volumes computed for
different duration-frequencies at all rural, unregulated sites that have at least 300 square miles

of contributing drainage area.



DISCLAIMER

The contents of this report do not necessarily reflect the official views or policies of the
U. 8. Geological Survey or the Texas Department of Transportation. This report does
not constitute a standard, specification or regulation. Certain limitations apply to use of
equations developed in this report. Please read the limitations carefully. Equations used
outside the range of the data used in their development is the sole responsibility of the
user.
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CHAPTER 1

INTRODUCTION

1.1 THE PROBLEM

The magnitude and frequency of floods are an important consideration to society
from two standpoints. First, from an engineering perspective, a knowledge of both is im-
perative in the design of embankments, culverts and other hydraulic structures. Second,
from a socio-economic point of view, information of this nature is heavily relied on in the
assessment of flood damages, establishment of flood insurance rates, and formulation of
flood evacuation plans and land-use planning. Flood peak information becomes even more
valuable when used in conjunction with the associated volumes. Design of reservoirs,
drainage and storm water storage structures specifically requires this information. While
peak and volume information are essential in the design process, a knowledge of duration
of floods is also necessary to determine the time of inundation of structures such as roads
and bridges in the event of large floods. A knowledge of flood volume-duration-
frequency (VDF) relationships becomes all the more important at ungaged locations where
watershed response is unknown. Further, prohibitive costs associated with over-design
and high risks associated with under-design make regionalized VDF information very
valuable.

VDF information is also needed to evaluate trade-off's, both social and economic, in
the planning, design and execution of water resources projects. The size of these projects
can range anywhere from the design of minor culverts on small streams to the design of
giant dams across major rivers. VDF information is also useful for irrigation and drainage
engineering, economic analyses and hydropower generation. Of late, mounting concern
over water pollution has made flood volume information even more valuable to
environmental studies. Pollutant discharges into streams and rivers need to be quantified
adequately, particularly with new regulations such as the United States Environmental
Protection Agency (USEPA)’s National Pollutant Discharge Elimination System (NPDES)



in force. Water quality is closely tied to water quantity, and to quantify the former a
sound methodology is essential to estimate the latter.

The problem of extreme volume estimation for various durations can be divided into
two components. First, flood volume must be estimated at gaged locations. A sound
volume estimation technique needs to be formulated at gaged locations in order to identify
and address potential problems with existing methodologies. The second component is
the extension of extreme volume information to ungaged locations. Current techniques
described below, can be used to achieve this second component. Both components are

addressed in this research.
1.2 VOLUME ESTIMATION - CURRENT TECHNIQUES

Runoff volume is usually estimated by simulating watershed behavior for extreme
rainfall events and integrating the area under the resulting hydrograph. Such an approach
depends heavily on availability of suitable data on rainfall, soil type, land use and
antecedent soil moisture condition, all of which are often not available in the desired
quantity and/or quality. Inherent in rainfall-runoff modeling is the assumption that rainfall
distribution is spatially uniform. However for Texas, it is known that rainfall distribution
is not both temporally and spatially uniform. In a study on five gages (within 2 km. of
each other) in a 10.4 km? catchment, Patrick and Stephenson (1990) observed that: "...the
general shape of the hyetograph at each gage was almost random; starting and ending
times of the same storm were different at each gage; peak intensities occur at different
times; and peaks at one gage coincide with lows at another." Such variations are even
more pronounced for larger catchments. Under such conditions, even weighting
techniques such as the Theissen polygon method are of little use.

Volume estimation techniques currently in use are discussed separately for gaged and
ungaged sites in the following paragraphs. The objective of this study is to identify a
methodology that would enable extreme flood volume estimation without using rainfall

data.



1.2.1 Gaged Sites

At gaged locations, flood volumes are estimated directly from records. At basins with
adequate records, frequency distributions are fitted to the time series of flood volumes to
evaluate extreme volumes. Where records are inadequate, information at adjacent and/or
similar sites is used in conjunction with available records to construct time series and
estimate extreme volumes. If, on the other hand, the hydrograph shape for these extreme
events is desired, a different approach such as that developed by Snyder (Snyder, 1958) is
adopted. Unit hydrographs are developed using available data. The shape of unit
hydrograph (Snyder's) is defined by two time parameters, Wy, and W,5. These are the
widths of the unit hydrograph at 50% and 75% of the peak discharge levels. The
objective is to preserve the general shape of the hydrograph. Occasionally, these widths
are regressed with basin characteristics in addition to the peak discharges to develop
regionalized relationships of the form (Texas State Department of Highways and Public
Transportation, 1985):

W, =a(2y )

where W is the hydrograph width, in hrs., corresponding to ‘X' percentage
(x 1s 50 or 75) of the peak discharge Qp (in cfs.),
A is the drainage area (mi.2), and
a and b are constants to be determined.
The hydrographs thus generated correspond to either a peak runoff or a rainfall
intensity of specific recurrence interval. They represent the recurrence interval of neither

the hydrograph shape nor the volume.
1.2.2 Ungaged Sites

Flood volumes at ungaged watersheds are estimated in two ways. First, regionalized
regression equations that relate flood volumes (estimated at gaged locations) to basin
and/or hydro-climatic characteristics are extended to ungaged watersheds. Secondly,

volume is estimated as the area under the simulated extreme runoff hydrograph. The chief



drawback with the former approach is the lack of a duration component in the estimated
volume. In other words, the approach gives a definite value for a 100 year flood volume
but does not, for example, give any information about a 100 year-10 day flood volume.
Attempts have been made to estimate and regionalize runoff volumes for specific durations
and recurrence intervals (Natural Environment Research Council, 1975; Sherwood, 1992),
but they are neither extensive nor generally available. The NERC (1975) approach relates
the volumes for different durations to the mean annual instantaneous (or calendar day)
flood. These ratios (called reduction ratios) are then plotted against durations to give
reduction curves.

The other method, developed by Sherwood (1992), uses synthetic long term rainfall-
runoff modeling to estimate the volumes for different durations. The largest runoff
volume for each duration was determined for every water year, and a frequency
distnbution of these curves at each station was then calculated. Volume-duration-
frequencies were then regionalized by multiple regression analysis using basin
characteristics (Flood Regionalization Conference, 1991).

A technique commonly used to estimate extreme volumes is to develop peak-volume
relationships of the form

V=aQ, (2)
where V is the volume associated with a peak flow, Qp, and a and 5 are constants to be
determined (Craig and Rankl, 1978, Livingston and Minges, 1987). The exponent b
usually has a value less than 1.

Volumes, V., for different recurrence intervals '7", can thus be estimated from the
corresponding peaks, Op x using equation (2) assuming that the recurrence intervals of the
volumes are the same as those of peaks. The antecedent rainfall, soil moisture and other
hydro-climatic conditions must be known to validate this assumption. The estimated
volumes of runoff may differ significantly from the actual volumes (Sauer, 1989). The
lack of agreement between measured and estimated volumes is primarily associated with

inaccurate estimation of the exponent ‘4.’



Various attempts have been made to overcome this problem. Notable among them are
attempts to relate volumes to peaks in the log space by standardization techniques
(Rogers, 1980, 1982; Rogers and Zia, 1982; Mimikou, 1983; and Singh and Aminian,
1986, Molfino and Cruise, 1990; Bradley and Potter, 1992). The standardized linear
relationships developed by Rogers (1980, 1982), and subsequently used by others (Singh
and Aminian, 1986), have met with substantial criticism from Mimikou (1983) and
Hawkins and Pole (1989). Their concern was the possible introduction of spurious errors
in the standardization procedure. Mimikou (1983), Hawkins and Pole (1989) and Molfino
and Cruise (1990) explained the possibility of the introduction of such an error. Non-
linearity of basin behavior was further demonstrated by Blazkova (1992).

An extension of the previous technique is to use peak-volume relationships that
include basin and/or climatic characteristics. The relationship takes the form;

V=a-Q-5°-4°-I° 3)
where Vis the flood volume corresponding to a peak discharge of Qp produced by a storm
of intensity /. A is the area of the watershed with slope S, and a, b, ¢, d and e are con-
stants to be estimated.

An example of the application of equation (3) can be found in a study by Perry
(1984). Volumes estimated using this approach are the volumes under the entire
hydrograph and not over specific intervals of time. Also recurrence intervals in question

are not the true recurrence intervals of actual runoff volumes.
1.3 DRAWBACKS WITH CURRENT TECHNIQUES

Some of the drawbacks associated with individual methodologies have already been

presented. A few additional drawbacks are summarized in the following paragraphs.
1.3.1 Linearity

Well established is the fact that rainfall-runoff phenomena are nonlinear. Linearity is
usually assumed, as in the unit hydrograph theory, for mathematical simplicity
(Kundzewicz and Napiorkowski, 1986). Owing to this assumption, runoff simulation,
even with the use of adequate and quality rainfall data, is handicapped by the assumption



of linearity. As Kundzewicz and Napiorkowski (1986) rightly state, successful application
of such linear models typically pertain to cases where accuracy requirements are not

critical and valid only in applicable range of conditions.
1.3.2 Duration Aspect

The duration aspect is not addressed in most peak-volume relationships currently in
use. The shape of the hydrograph clearly indicates that volume under the hydrograph is a
function of both the peak and duration. It is therefore possible to have flows of different
volumes for the same peak. Hence, when reference is made of volumes corresponding to
peaks of specific recurrence intervals, they may not imply volumes of the same recurrence
intervals. It is sometimes useful for design engineers to have a knowledge of the volumes
of flow for specific durations rather than the total volume under the hydrograph (an
example of such a requirement is determination of the time of inundation of structures
such as bridges). Given only the flood peak, and sometimes the total volume, it is not
always possible to compute partial volumes. For gaged watersheds, it is possible to
estimate partial volumes of flow by simulating runoff hydrographs for extreme peaks using
a suitable calibrated model with available data. For ungaged watersheds, however, it is
not possible to adopt the same approach since data are not available. However, rainfall-

runoff simulation has its own drawbacks which are further elaborated in this chapter.
1.3.3 Data Availability

Most rainfall-runoff models are single, independent event models. Thus, volumes of
flow generated by multiple or non independent events can rarely be reproduced using such
models. To overcome this problem, continuous simulation models have been developed.
However, continuous rainfall and runoff data, at the same location and for the same event,
are not normally available except at experimental watersheds. In the case of large
watersheds, rainfall data must be available simultaneously along with runoff data at several
locations.

Also, stream flow data for severe storms are sometimes unavailable owing to

technical problems such as malfunctioning of the gage or the gage being washed away.



The latter is particularly true for small watersheds. Interpolation and subsequent
reconstruction of the hydrograph are not always feasible, particularly if no records of the
peak flow exist for that event. Data for these intensive storms is very critical in calibrating
rainfall-runoff models especiaily when the objective is to simulate hydrographs for extreme
events. Thus, non-availability of rainfall and runoff data at desired locations on a con-
tinuous basis for required lengths of time is a severe handicap in using these models for

extreme volume estimation.
1.3.4 Recurrence Interval

In all the approaches cited above, the assumption of the same recurrence interval for
peaks and volumes is highly questionable. For example, it is possible to have flows with
smaller peaks producing larger volumes of flow by virtue of a larger time base of the
hydrograph. Such discrepancies can be attributed to variation in the rainfall pattern,
difference in storm duration and/or direction of storm movement. The antecedent rainfall,
soil moisture and other hydro-climatological conditions must also be known to validate
this assumption. For example, locally intensive storms can produce very high peaks
without high volumes.

In the absence of adequate peak discharge information, synthetic design storms are
used in conjunction with rainfall-runoff models to generate long term peaks. The
assumption here is that the peak discharges have the same return period as the design
storms. Volumes are then evaluated from the simulated hydrographs. The drawback here
is that it is unhkely for the rainfall, peak discharge and the runoff volume to all have the
same frequency of occurrence. Depending on the spatial and temporal distributions for a
given probability of exceedance, a given rainfall event can produce a wide range of flows
(Dooge, 1977). To overcome this obstacle continuous rainfall-runoff modeling is resorted
to with the aid of historical data. However, most historic rainfall records have short
lengths and estimates based on simulated stream flows tend to have high standard errors
(Bradley and Potter, 1992).

Hence, volumes estimated using peaks of specific recurrence intervals are unlikely

reflect the true recurrence intervals of the volumes.



1.3.5 Use of Flood Peak Information

For most methods, a knowledge of flood peaks is imperative in estimating flood
volumes. [In the case of ungaged watersheds, the flood peak (of a specific recurrence
interval) is itself an estimate from regionalized information]. Flood frequency curves for
the state of Texas are currently being re-evaluated by the U. S. Geological Survey for the
Texas Department of Transportation. These curves are only now being updated and are
not available for our study. This study focused on developing a methodology to estimate

flood volumes without relying on a prior knowledge of flood peaks.
1.3.6 Accumulation of Errors

Measurement errors in both rainfall and runoff data could add to the inherent model
errors already accumulated in the parameter estimation and model calibration process.
The magnitude of these errors is a direct function of the level of sophistication of the
model chosen and the robustness of the parameter estimation techniques adopted.
Furthermore, volumes generated by such techniques are synthetic volumes that may
incorporate errors from data, and/or improper modeling principles, despite the merit of the
model and the rigor of calibration. Also, errors associated with hydrograph generation are
automatically transferred to flood volume computation. Where peaks of specific
recurrence intervals are used to estimate volumes, the associated errors are transferred to
the estimated volumes through peak-volume relationships. Extreme volumes at gaged
locations are regressed with hydrograph and basin characteristics to develop regional re-
gression equations to enable estimation of such volumes at ungaged locations. There is al-
ways an associated, unavoidable, error inherent in these regression equations. As such,
there is a further accumulation of errors associated with regression.

Despite their drawbacks, the methods discussed above give the best possible estimates
of flood volumes in the absence of actual measurements. There remains a need to develop

methodologies that either address, avoid or eliminate identified errors and omissions.



CHAPTER 11
LARGE WATERSHEDS
2.1 METHODOLOGY

Volumes of flow can be estimated by integrating the area under the corresponding
hydrograph. Flow volumes can aiso be estimated by multiplying the mean flow by the
duration. For example, consider the hydrograph shown in Figure 1. If the mean dis-

charge during an interval ‘At is O |

Discharge

Time

Figure 1. A typical single event hydrograph.

the corresponding volume during the same interval can be computed by:

AV =0, At
4)
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The total volume } can be obtained by aggregating the individual volumes over all

intervals *A¢’, through the total duration of the hydrograph, ‘t ,” as shown below:

V=20, A (3)
or, V=2 AV (6)

Thus, the total volume J under the hydrograph can be very easily computed by ag-
gregating the individual daily volumes. Similarly, partial volumes of flow over desired
durations, for example 2, 3, or 4 days (or 48, 72 and 96 hours respectively), can be esti-
mated simply by aggregating the volumes over the respective durations. The inherent as-
sumption here is that the maximum daily volume is the same as the maximum 24 hour
volume. Also worth noting is the fact that the flood volumes computed in this manner
include the base flow. In other words, they are total volumes and not volumes of the di-
rect runoff. In the case of large watersheds, the base flow contribution may be signifi-
cant. The feasibility of computing the annual maximum flow volumes over different du-
rations is very obvious from the above description. Records of daily mean flows are
readily available at most monitored sites. The choice often is between longer but less
accurate records versus shorter but more accurate records. The former is the obvious
choice in the area of flood forecasting.

Computing flood volumes directly from flow records is more appealing than resort-
ing to rainfall-runoff modeling to estimate flood volumes because it is a rather direct ap-
proach. The introducition of errors associated with poor quality data and/or modeling 1s

tremendously reduced by this approach.

In the case of large watersheds, runoff is usually spread over several days, and daily
volumes of flow can be computed using the daily means. Thus, there exists a possibility
of compiling a time series of maximum daily volumes at any gaged location through the
entire period of record using daily means. This option enables volume determination
without a prior knowledge of flood peaks. Based on a survey of literature, it appears

that all previous flood volume-duration-frequency studies done (in a regionalization
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context) have utilized flood peak information. This study however, does not rely on in-

formation about flood peaks.

Our underlying philosophy is that the response of medium and large watersheds is
spread over several days and the daily-means are good estimators of daily volumes.
Also, fluctuations in the watershed response during a 24-hour period do not materially
affect daily volumes in watersheds of this size. This procedure is obviously useful only in
the case of those watersheds that have response times larger than 24 hours. Flood vol-
umes over smaller durations (few hours) are not always as critical as flood volumes over

longer durations (several days) in the design of most hydraulic structures.

The procedure used in this research is simple and straight forward. First, a time se-
ries is constructed for the annual maximum volumes of flow for various durations at each
gaged location. Next, a probability distribution is fit to this time series to enable estima-
tion of extreme volumes of flow. Finally, these extreme volumes at all gaged locations
are regressed with basin and hydro-climatic characteristics to develop regional relation-

ships.

2.2 DATABASE
The idea of using the daily means in this study stems from the fact that the United

States Geological Survey (USGS) maintains a huge database of the daily mean dis-
charges at several thousand locations throughout the country. The data base for the
state of Texas alone includes daily mean flows at several hundred locations. Appendix I
lists stations in Texas for non-urban, unregulated watersheds with daily mean discharge
data. [In a hydrologic sense, non-urban watersheds are defined as those that have less
than 10 percent impervious cover. Unregulated watersheds are defined as those that do
not contain control structures that affect peak flow]. However, only a subset of these
stations were used in this research owing to factors such as inadequate period of record.
A pilot study, described below was conducted to ensure that the methodology discussed

earlier is indeed feasible. Also, the durations over which flow volumes need to be com-
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puted are to be determined. The pilot study identified sites that could be successfully

used in this research.

2.2.1 Pilot Study
The pilot study involved a preliminary analysis of available data (Valdés and Devu-

lapalli, 1993). There are 671 gages in the state of Texas that cover non-urban, unregu-
lated watersheds. Of these, only 465 gages have daily-mean flow data available. The
watersheds covered by these gages range in size from less than one square mile to over
176,000 square miles. The period of record at these sites ranges from 1 to 75 years. It
was necessary to identify those watersheds that have a substantial period of record to do
meaningful analysis. The watersheds are thus categorized into three groups based on
their period of record i.e. 10, 15 and 20 years. Figures 2-7 show the distribution of these
watersheds based on size and location. While figures 2, 4 and 6 show the cumulative
percentage of watersheds as a function of the drainage area, figures 3, 5 and 7 show the

spatial distribution of these watersheds throughout the state for all three categories.

The data were analyzed in great detail by looking at the number of gages for various
combinations of period of record and drainage area. This analysis revealed that there are
373 stations with a data record of at least 8 years. This study focussed on watersheds at
least 300 square miles in area with a minimum of 8 years of record (Slade, 1993). Ap-
pendix II lists all the 207 gages that meet these two criteria. The criteria for selecting
watersheds that are at least 300 square miles in area will be discussed later in Chapter

Iv.

The second part of the pilot study concerns identifying the durations over which
flow volumes are to be estimated. Thirty eight watersheds of various sizes, along with
their basin characteristics such as drainage area, basin shape, elongation ratio and ro-
tundity, were chosen for the pilot study. The daily means of flow at these gages for the
entire period of record were also compiled. A computer program, VOLFOR, was de-

veloped (Appendix III) to read the daily means and estimate the daily volumes.
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Figure 3. Spatial distribution of watersheds with at least 10 years of data
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The volumes were then aggregated over 2, 3, 4, 5, 6, 7, 8, 9 and 10 days. The pro-
gram then identified the annual maximum for each duration through the entire period of
record. This step was repeated for all thirty eight watersheds. Thus 10 time series com-
prising of the annual maximum volumes of flow for 10 different durations were devel-
oped for each site. Log-Pearson type III distribution were then fitted to each of the time
series at each site in accordance with procedures outlined in Bulletin 17B (U. S. Water
Resources Council, 1981). Extreme volumes were estimated for each duration. Ex-
treme value type I (Gumbel) distributions were also fitted to each of the series to esti-
mate extreme flow volumes. A software package called Z-PLOT was used to plot flow
volumes for different durations and for different recurrence intervals for all 38 water-
sheds. A few of these plots are shown in Figure 8. A visual examination of the plots at
all the thirty eight watersheds revealed that the 2, 3, 5 and 10 day durations to be most
significant. Volumes corresponding to the rest of the durations were found to lie very

close to some of these durations.

The pilot study allowed us to conclude that the daily means are good estimators of
flood volumes and it also allowed us to determine the number of watersheds and dura-

tions to be included in the broader study.

2.3 PROCEDURE

Volumes for different durations and recurrence intervals were estimated in ex-
actly the same manner as described in the pilot study. The following three steps briefly
summarize the procedure:

1. Compile a time series of annual maxima of flow volumes for different dura-

tions at each site.

2. Estimate volumes for different recurrence intervals (for each duration) at

individual locations using Log Pearson type 111 distribution.

3. Regionalize the estimated volumes to enable estimation at ungaged

locations.
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Although the above three steps broadly outline the procedure adopted, the detailed

procedures are discussed under two categories: gaged and ungaged watersheds.

2.3.1 Gaged Watersheds
The computer program developed in the pilot study was suitably modified and used

to read the daily flow information and compute corresponding daily volumes. For each
station, the program reads the data, identifies the annual maxima of daily means in each
year and constructs a time series for the entire period of record. The program then ag-
gregates the daily means over different durations between 1 and 10 days and constructs
time series of annual maximum flow volumes for each of the individual durations. In the
process, the program also accounts for leap years for inclusion in the aggregation proc-
ess. The time series were then examined for extremely low values, and those found to
contain extremely low values because of partial records were eliminated for the entire
year. Consequently, the period of record listed in Appendix I will not agree with the
actual period of record used at some sites.

Statistics of individual time series were then computed. The Log Pearson III values
for extreme events were estimated for each time series in accordance with the U. S.

Water Resources Council (1981) guidelines.

2.3.2 Ungaged Watersheds

The volume-duration-frequency information was regionalized through multiple re-

gression with basin and climatic characteristics. The characteristics evaluated for use as

independent variables in the regression equations were: contributing drainage area (mi.z);
channel length (mi.), main channel slope (ft/mi.), shape, 2 year-24 hour precipitation
(in.) and the mean annual precipitation (in.).

The independent variable was the flow volume (for different durations-recurrence
intervals), in ac-ft. Units of measurement of the characteristics are as indicated above
and were used throughout this study unless otherwise stated.

An earlier study (Schroeder and Massey, 1977), defined six flood frequency regions

for Texas (Figure 9). These regions were defined based on the distribution of residuals
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Figure 9. Six flood frequency regions defined in an earlier study (Schroeder and Massey,

1977).

HYOROLOGIC REGIONS
IN TEXAS
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from a single statewide regression of the 10-year flood. When the database was exam-
ined in conjunction with these six regions, we found that the distribution of gages varied
widely among regions as shown in Table 1.

We chose to use more compact regions and hopefully add strength to the regression
equations. Twelve such regions were defined for the peak-frequency study (Slade,
1994) currently underway at the U. S. Geological Survey. It was decided to adopt the
same twelve regions in this study for two reasons. First, to ensure consistency in the use
of regions for flood peak-frequency and volume-duration-frequency information
throughout the state. Secondly, the basis for the development of these 12 regions was
rigorous and included many variables. Regions defined in other related works (Carr,
1967; Keir et. al., 1977, Fenneman and Johnson, 1946; and Fenneman, 1931 and 1938)
were studied in addition to those developed by Schroeder and Massey (1977).

Table 1. Distribution of drainage basins in the six old regions.

Region Number Number of Gages
1 21
2 93
3 22
4 43
5 9
6 6

Considerations such as physiography, geology, soils, vegetative cover were taken
into account in the development of these twelve regions. In addition, factors such as
density of the location of sites, drainage basin divides in the case of large basins, patterns

of climatology, and the shape of the state were also taken into consideration.
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The 12 flood frequency regions are shown in Figure 10. The quantitative distribu-
tion of these gages is shown in Table 2. In the analysis of data from each region some of
the stations are treated separately for the following reasons:

1. Some of the watersheds represented by these stations are too large and do
not necessarily lie entirely within one region.

2. Owing to their size, they include some of the smaller watersheds that are

al- ready included in the development of the regression equations. Response
at these watersheds would therefore reflect the collective response of the
component sub-watersheds.

The regionalization of these flood volumes for different frequency-durations in-
volved a variety of different issues and is included as a separate topic for discussion.

Table 2. Distribution of gaged sites in the 12 new regions.

Region Number Number of Gages | Region Number Number of Gages
1 17 7 22
2 6 3 11
3 29 9 17
4 31 10 23
5 17 11 10
6 11 12 9

2.4 REGIONALIZATION

Extreme flood volumes (for different duration-frequencies) were compiled for all the
gages within individual regions along with the respective hydro-climatic information.
The procedure adopted to regionalize this information is described in the following sec-

tions.
2.4.1 Regression Analysis

A pc based statistical package, MINITAB (Minitab, Inc., 1993) was used to per-
form regression analyses. Stepwise regression was performed to select the best predic-

tors in each case.



Figure 10. Twelve flood frequency regions defined in 2 new study (Slade, 1994).
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In developing the individual regression equations, it was assumed that the runoff
volume was a non-finear function of the basin and climatic characteristics. Hence, the

regression model chosen had the general form:
Vo, =a-AP-S7 .S, -ph, - P @)

where: Vp, , is the ‘D’ day(s) runoff volume having a recurrence interval ‘7" years; 4 is
the contributing drainage area; S’ is the slope; S;, is the shape; PM is the 2 year-24 hour
rainfall; P is the mean annual precipitation; and @, B, 8, €, ¥, 77 and A are parameters to
be estimated.

In order to obtain a linear regression model, logarithmic transformation of the data

was performed by taking logarithms on both sides of equation (7). The resulting linear

equation is of the form:

logV,, =loga+f-logA+vy-logS,+8-logS, +e-logl + n-logP,,, +A-log P (8)

Although other transformation forms exist, such as multiplicative, exponential and
reciprocal (Draper and Smith, 1981), the logarithmic transformation was chosen because

of its widespread use in hydrology.

The procedure followed in the regression analysis of one case, i.e., Region 1, 1 Day
Volumes is illustrated in this chapter as an example. Similar procedures were adopted

for all regions for all durations-frequencies of flood volumes.

REGION 1

Duration: 1 day; Recurrence Interval: 100 years.

Region I contains 17 gaging stations. All 17 stations, along with their basin and
climatic characteristics, and Log Pearson Type III volume estimates were stored as a
MINITAB worksheet. The predictors used in the regression analyses were abbreviated
as listed in Table 3 and are listed accordingly in all of the MINITAB output.



Table 3. Abbreviations used for variables in the regression process.

Variable Abbreviation
Contributing Drainage Area A

Basin Length L

Basin Shape Su

Basin Slope S,

2 yr, 24 hour Precipitation P,

Mean Annual Rainfall p

'T' year volume over ‘D’ day(s) Vor

2.4.2 Correlation Matrix
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The correlation matrix (Pearson product moment) of the variables was first exam-

ined to identify correlations between the independent variables. The correlation matrix

for this case is tabulated in Table 4.

Table 4. Correlation Matrix of basin and climatic characteristics in

Region 1 for 1 Day Volumes.

P . P A L S, S,

P 0.904

A 0056 | -0219

L 0384 | -0.184 | 0874

S, 0631 | 0570 | 0484 | 0848

S, 0439 | 0627 | 0282 | -0.025 | -0.352

Vi 0162 | 0406 | 0849 | 0633 | 0216 | 0514

V2 0258 | 0497 | 0850 | 0564 | 0.088 | 0.544

VS 0.241 0495 | 0870 | 0573 | 0083 | 0.551
vio | 019 | 0466 | 0887 | 0599 | 0112 | 0549
v25 | 0118 | 0401 | 0898 | 0641 | 0176 | 0.534
V50 | 0043 | 0335 | 0892 | 0670 | 0235 | 0511
Vioo | -0036 | 0259 | 0870 | 0691 | 0297 | 0.477
v200 | 0114 | 0179 | 0833 | 0701 | 0.355 | 0.436
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2.4.3 Choosing the Best Subset

The best subset option of MINITAB was chosen to determine the best possible sub-
set of the variables to be included in the regression. The ocutput from this step is show in
Table 5. 'Vars' in the output indicates the number of variables selected at each step. The
R? for the regression equation with "Vars' number of variables in the equation is listed in
column 2 of Table 5. However, in regression, the value of R” increases with an increase
in the number of variables. Hence, an adjusted R* value is computed for each set to re-

flect the true R* of the equation. The C, is a test statistic computed as (Mallows, 1973):

5% (-
C"_MSE,, (n-2p) ®)

where, C, is the test statistic; ‘n’ is the number of data sets;

SSEp is the error sum of squares for the best model with 'p' parameters; and

MSE,, is the error mean of squares for the model with all 'm' parameters.

The fifth column in the output gives an estimate 's' of the standard deviation about

the regression line. The contributing drainage area 'A’ has been forced into all models.

The Cp, statistic, originally proposed by Mallows (1979), is a valuable tool in the
evaluation of the individual variables. The combination of variables that results in a C
statistic that is nearly equal to 'p’, the number of parameters in the model, 1s normally

considered indicative of a good subset of variables for the model. Based on the output in

Table 5, it can be seen that A and S, provide the lowest C;, value while maintaining a

comparable R? value. The standard deviation is also the lowest among all combinations
tested. Hence they are identified as the most likely variables to be used in the regression
equation. Occasionally, adding a variable to a regression equation may not improve the
R2 value but might reduce the standard deviation significantly, in which case the variable
is included in the equation. Choice of variables therefore involves a close examination of

a combination of all three parameters: Cp,; RZ; and the standard deviation “s.’
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Table 5. Qutput from the best subset option using Minitab {drainage area
‘A’ is forced into all models).

Vars | R-sg  Adj. R-sq C-p s P,y P Sk S
1 81.50 78.10 1.0 0.1654 X
1 77.00 73.60 29 0.1817 X
2 82.90 77.70 23  0.1671 X X
2 82.40 77.10 26 01692 X X
3 83.60 76.30 40 01724 X X X
3 83.20 75.80 42 0.1741 X X X
4 83.60 73.30 60 01828 X X X X

2.4.4 Stepwise Regression

Although the best subset test identifies the best possible subset of variables to be
chosen for the model, it is by no means definitive for variable selection. Other methods
such as stepwise regression were also adopted to identify variables to be used in the final
model. All three approaches to regression were addressed, namely, forward substitution,
backward elimination and the stepwise methods. Forward selection and backward elimi-
nation are special cases of the stepwise regression process. In the stepwise regression
process, the program calculates the ‘F-statistic’ for each variable at each step in model
development. The ‘F-statistic’ is computed as the ratio of the Mean Square Term to the
Mean Square Error (MST/MSE). If it is determined that the computed ‘F-statistic’ of
any variable is less than “F...., a pre-established threshold, then the variable is removed
from the model. If no variable can be removed, the procedure tries to add a variable.
An ‘F-statistic’ is computed for each variable not yet in the model. The variable with the
largest ‘F-statistic’ is added to the model provided it is greater than ‘F...,” another pre-
established threshold. Choosing a variable this way ensures choice of the variable with
the largest partial correlation or in other words, a variable that reduces the sum square of
errors the most. The procedure terminates when no variable can be deleted /added to the

model.



30

The square root of the ‘F-statistic’ is the ‘t-statistic,” listed next to each of the vari-
ables in the model. The MINITAB output does not list the observed significance level
‘a,”of the test. Consequently, one must compare the computed ‘t’ values with critical ‘t’

values (from any standard text on Statistics).

Output from the stepwise method is shown in Table 6. As the table shows, the pro-
gram identified ‘A’ as a possible variable in the model. The stepwise procedure is further
continued by forcing slope into the equation. It can be noted from Table 6 a and b, that

slope was rejected as a possible variable in the model in step 3.

Table 6. Qutput from stepwise regression on variables.

Stepwise regression of Vi on 6 predictors, with N= 14
N(cases with missing obs.) = 3 N(all cases) = 17

STEP 1
Constant 1.951
‘A 0.88
t-ratio 6.11
s 0.182
R-sq 75.66

Table 6 (cont’d).

SUBC> enter 'slope’'.

STEP 2 3
CONSTANT 1.057 1.951
‘A 0.80 0.88
t-ratio 5.91 6.11
‘S 1.10

t-ratio 1.86

s 0.165 0.182
R-sq 81.51 |75.66
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2.4.5 Forward Selection

The forward selection method essentially consists of sequentially adding variables,
one at a time until the regression equation is satisfactory (Draper and Smith, 1981). The
order of introducing variables is determined by the magnitude of the partial correlation
coefficients. The variable with the largest simple correlation with the dependent variable
is introduced first. Subsequently, the independent variable with the largest partial corre-
lation that increases the R2 value more than any other single variable and having the
largest F or t statistic of the variables not in the model is added. In the case of Region I,

the forward selection and the stepwise methods produced the same result (Table 6).
2.4.6 Backward Elimination

This procedure starts by including all the variables in the model and eliminating
those that have the lowest F value, one at a time. The output obtained using this method
is the exact same as the one obtained using the Forward Selection and Stepwise Tech-

niques (Table 6). The best alternates for Region I are tabulated in Table 7.

Table 7. Best alternate variables for regression (Region 1, 1 Day, 100
year Volumes).

Stepwise regression of Vi on 6 predictors, with N= 14
N{cases with missing obs.) = 3 N(all cases) = 17

STEP 1
CONSTANT 1.951
‘A’ 0.88
t-ratio 6.11
s 0.182
R-sq 75.66
best alt.

VARIABLE t-ratio
‘v 3.30
‘S 1.88
8y’ 1.08
P’ 0.93
‘Pood’ -0.12
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It can be seen that the contributing drainage area ‘A’ has the most influence, among
all the variables chosen, on the 100 year volume. The next best predictors are the basin
length and the slope. However, from Table 4 we notice that the contributing drainage
area, A, and the basin length, L, are strongly correlated (0.871) and they cannot both be
used in the same equation to predict the volume since, together, they tend to give redun-
dant information. When highly correlated variables are used in model development, they
tend to produce contradictory results. Slope, ‘S,,” however has very low correlation with
the area (0.282) and can be used as an additional predictor to see if it results in any sig-
nificant improvement in the regression model. Mean annual rainfall, ‘P’, and the 2 year-
24 hour rainfall, ‘P,.,’, have low 't- ratio's’ suggesting marginal or no improvement in
the model with their addition at the desired significance level. Nevertheless, their influ-
ence was explored. Since the significance level is not listed as a part of the MINITAB
output, all test statistics were compared with standard tables to determine the level of

significance before the variable was included/rejected from the model.

Additional insight into the dependency of volume on any of the variables was ob-

tained by plotting the volume against the individual variables. The plots of Vo against

Area, Length, Slope, Shape, 2yr-24 hour Precipitation and Mean Annual Rainfall are

shown in Figures 11z to f, respectively.

As shown in figures 11 a and b, volumes increase almost linearly with contributing
drainage area and length. Increases in volumes with increases in the independent vari-
ables were not clearly related. For example, two different sets of volumes correspond to
the same slope range (Figure 11d). The effect of shape (Figure 11c) on volume is not
clear. Although average annual precipitation and the 2 year-24 hour precipitation
(Figures 11 e and f) have a positive impact on the generated volumes, they do not follow

specific patterns.

It was observed that within a region and for the same duration, variables selected by
stepwise regression were not always the same. For example, in the case of the 1 day du-

ration in Region 1, Area and Slope were most influential for recutrence intervals of 25,
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Scatter Plot of Volume Vs Contributing Drainage A rea Scatter